This work deals with the vibrational spectroscopy of O-Anisic acid (OAA) and Anisic acid (AA). The fundamental vibrational frequencies and intensity of vibrational bands were evaluated using density functional theory (DFT) with standard B3LYP/6-31G * * method and basis set combinations. The vibrational spectra were interpreted, with the aid of normal coordinate analysis based on a scaled quantum mechanical force field. The infrared and Raman spectra were also predicted from the calculated intensities. The effects of carbonyl and methyl substitutions on the structure and vibrational frequencies have been investigated. Comparison of simulated spectra with the experimental spectra provides important information about the ability of the computational method to describe the vibrational modes. The 13 C and 1 H NMR chemical shifts of the DFA and CA molecules were calculated using the gauge-invariant-atomic orbital (GIAO) method in DMSO solution using IEF-PCM model and compared with experimental data.
Introduction
Aromatic acids have all the properties characteristic of the carboxylic acids of the aromatic series. In medicine, aromatic acids are employed as weak antiseptics, and their salts as carriers of specific cations [1] . Benzoic acid derivatives substituted by hydroxyl group or ether containing oxygen atom have active bacteriostatic and fragrant properties. They are typically used in pharmaceutical and perfumery industry.
Anisic acid or methoxy benzoic acid is an organic compound which is a carboxylic acid. Anisic acid is a part of cresol class antiseptic compounds. It is also used as an insect repellent. Anisic acid and its derivatives are also widely used in chemical reaction as intermediates to obtain target materials such as dyes, pharmaceuticals, perfumes, photoinitiators, and agrochemicals. O-Anisic acid is used in organic synthesis and antiseptic disinfectant [2] .
The vibrational assignments of the compounds can be proposed on the basis of the wavenumber agreement between the computed harmonics and the observed fundamentals.
Quantum chemical computational methods have proven to be an essential tool for interpretations and prediction of vibrational spectra [3, 4] . A significant advent in this area was made by the scaled quantum mechanical (SQM) force field method [5] [6] [7] [8] . In the SQM approach, the systematic errors of the computed harmonic force field are corrected by a few scale factors which were found to be well transferable between chemically related molecules [4, [9] [10] [11] .
In this study, we recorded FTIR and FT-Raman spectra and calculated the vibrational frequencies of O-Anisic acid and Anisic acid in the ground state to distinguish fundamentals from experimental vibrational frequencies and geometric parameters using DFT/B3LYP (Becke3-Lee-yang-Parr) method. Natural bond orbital (NBO) analysis of the title molecules was also carried out. In addition, the gaugeinvariant-atomic orbital (GIAO) 13 C and 1 H chemical shifts calculations of the title compounds were calculated by using B3LYP/6-31G * * basis set [12] . The calculated quantum chemical parameters are HOMO , LUMO , Δ , and those parameters that give valuable information about the reactive behavior
Experimental
The pure crystalline samples of OAA and AA were obtained from Lanchester chemical company, UK, and used without further purification for the spectral measurements. The room-temperature Fourier-transform (FT) infrared spectra of the title compounds were measured in the region 4000-400 cm −1 at a resolution of ±1 cm −1 using BRUKER IFS-66V Fourier-transform spectrometer, equipped with an MCT detector, a KBr beam splitter, and a globar source. The FT-Raman spectra were recorded on the same instrument with an FRA-106 Raman accessory in the region 4000-50 cm −1 . The 1064-nm line of a Nd:YAG laser was used as excitation source, and the laser power was set to 200 mw.
The 1 H and 13 C NMR spectra were taken in CDCl 3 , and DMSO-6 solution and all signals were referenced to TMS on a BRUKER FT-NMR spectrometer. All NMR spectra were measured at room temperature.
Computational Details
All the calculations were performed by using Gaussian 03 program [14] package on the personal computer. The Becke's three-parameter hybrid density functional, B3LYP, was used to calculate both harmonic and anharmonic vibrational wavenumbers with 6-31G * * basis set. It is well known in the quantum chemical literature that the B3LYP functional yields a good description of harmonic vibrational wavenumbers for small and medium sized molecules. The optimized structural parameters were used in the vibrational frequency calculations at the DFT levels to characterize all stationary points as minima. The Cartesian representation of the theoretical force constants has been computed at the fully optimized geometry by assuming point group symmetry, respectively, for OAA and AA. The theoretical DFT force field was transformed from Cartesian coordinates into the local coordinates and then scaled empirically according to the SQM procedure [5] 
where is the scale factor of coordinate , B3LYP is the B3LYP/6-31G * * force constant in local coordinate, and Scaled is the scaled force constant. The prediction of Raman intensities was carried out by following the procedure outlined below. The Raman activities ( ) calculated by the Gaussian 03 program and adjusted during the scaling procedure with the MOLVIB program were converted to relative Raman intensities ( ) using the following relationship derived from the basic theory of Raman scattering [15] [16] [17] :
where 0 is the exciting frequency (in cm −1 units); the vibrational wavenumber of the th normal mode; ℎ, , and are the fundamental constants, and is the suitably chosen common normalization factor for all the peak intensities.
The calculated quantum chemical parameters such as the highest occupied molecular orbital energy ( HOMO ), the lowest unoccupied molecular orbital energy ( LUMO ), energy gap (Δ ), chemical potential ( ), global hardness ( ), and the softness ( ) were calculated. The concept of these parameters is related to each other [18] [19] [20] [21] , where
The inverse values of the global hardness are designated as the softness , as follows:
For NMR calculations, the title molecules are firstly optimized and after optimization, 1 H and 13 C NMR chemical shifts (H and C) were calculated using the GIAO method in CDCl 3 at B3LYP method with 6-31G * * basis set [22, 23] . Absolute isotropic magnetic shielding was transformed into chemical shifts by referring to the shielding of a standard compound (TMS) computed at the same level. It has been shown that B3LYP applications were successful in shielding calculations on carbon and hydrogen atoms [23] . 
Results and Discussion

Vibrational Force Constants.
Quantum mechanical calculations contain the force constant matrix in Cartesian coordinates and in Hartree/Bohr 2 units. These force constants were transformed to the force fields in internal local-symmetry coordinates. The local-symmetry coordinates defined in terms of the internal valence coordinates following the IUPAC recommendations [24, 25] are given in Tables 4 and 5 for the title compounds. The bonding properties of OAA and AA are influenced by their rearrangements of electrons during substitutions and addition reactions. The stretching force constants of C1-C7 in OAA and AA are found to be lower than the values of stretching force constant of other C-C atoms. The force constant of C1-C7 in OAA is found to be greater than AA due to steric effect (i.e., bulky groups in OAA). The most important diagonal force constants (stretching only) of OAA and AA are listed in Table 6 .
Assignment of Fundamentals.
The molecules OAA and AA are disubstituted aromatic system. The vibrational bands C-H C3-H16, C4-H17, C5-H18, C6-H19
For numbering of atoms refer to Figure 1 observed in the IR region are very sharp, broad, and less intense. The title compounds belong to point group. The 19 atoms present in OAA and AA molecular structure, each has 51 fundamental modes of vibrations. For molecules of symmetry, group theory analysis indicates that the 51 fundamental vibrations are distributed among the symmetry species as
for both OAA and AA, respectively. From the structural point of view of the molecules, OAA and AA have 18 stretching vibrations 33 bending vibrations, respectively. All the vibrations were found to be active both in Raman scattering and infrared absorption. The observed and calculated wave numbers, calculated IR and Raman intensities, and normal mode descriptions (characterized by potential energy distribution (PED)) for the fundamental vibrations of OAA and AA are depicted in Tables 7 and 8 . For visual comparison, the observed and simulated FTIR and FT-Raman spectra of the compounds are presented in Figures 2, 3, 4, and 5, which help to understand the observed spectral features. The root mean square (RMS) error of the observed and calculated wavenumbers (unscaled/B3LYP/6-31G * * ) of OAA and AA was found to be 84.3 cm −1 and 89.1 cm −1 , respectively. This is understandable since the mechanical force fields usually differ appreciably from the observed ones. This is partly due to the neglect of anharmonicity and partly due to the approximate nature of the quantum mechanical methods. However for reliable information on the vibrational properties, the use of selective scaling is necessary. The calculated wavenumbers are scaled using the set of transferable scale factors recommended by Fogarasi and Pulay [7] . The SQM treatment has resulted in an RMS deviation of 9.67 cm −1 and 11.3 cm −1 for OAA and AA, Table 3 : Definition of internal coordinates of Anisic acid (AA).
No. (i)
Symbol Type Definition Stretching
For numbering of atoms refer to Figure 1 
respectively. The RMS values of wavenumbers were obtained in this study using the following expression
4.3.1. CH Vibrations. Aromatic compounds commonly exhibit multiple weak bands in the region 3100-3000 cm −1 [26] due to aromatic C-H stretching vibrations. According to the PED analysis, the bands observed in experimental spectrum at 3098, 3083, 3069, 3020 cm −1 in OAA and 3085, 3034, 3029, and 3002 cm −1 in AA were assigned to stretching vibrations of C-H bond. According to these studies, all the C-H stretching vibrations are not mixed with other types of vibrations. The C-H in-plane deformation vibrations are assigned in the region 1100-1400 cm −1 [27] . The in-plane deformations of C-H groups are noticed on PED analysis at 1494, 1439, 1288, and 1182 in OAA and 1518, 1301, 1181 and 1131 cm −1 in AA. There is slight increase in the C-H in-plane deformation frequency because of steric effect in OAA and inductive effect (+I) in AA. These values of calculated frequencies are typical and in very good agreement with experimental data. The inplane C-H deformation vibrations are slightly mixed in both OAA and AA.
The C-H out-of-plane deformation vibrations are assigned in the region 900-600 cm −1 [26] . The bands 6 Journal of Spectroscopy O-C stretch 15 
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Rtrigd a These symbols are used for description of the normal modes by PED in Table 7 . b The internal coordinates used here are defined in Table 2. appearing at 960, 937, 865, and 755 cm −1 in OAA and 929, 854, 846, and 774 cm −1 in AA were assigned to out-of-plane deformation type of vibration ( ) of C-H groups. There is slight increase in the C-H out-of-plane deformation frequency because of strong intermolecular hydrogen bonding in OAA. In these bands, the pronounced participation of other types of vibrations is observed. These are also supported by the literature. [28] . The IR band at 1670 cm −1 in OAA and FT-Raman band at 1688 cm −1 in AA are assigned as C=O stretching vibrations. The C-O bond appears strongly in the 1320-1210 cm −1 region [29] . The bands observed at 1049, and 795 cm −1 in OAA and 1267, and 1100 cm −1 in AA are assigned to C-O stretching mode. The C-O stretching vibrational frequency is lower than general range. In the case of carboxylic acid dimers like OAA and AA, the OH O-C stretch 15 
Rtrigd a These symbols are used for description of the normal modes by PED in Table 8 . b The internal coordinates used here are defined in Table 3 .
in-plane bending and C-O stretching bands involve some interaction between them, they are referred to as coupled OH in-plane bending and C-O stretching vibrations [26] . The C-O bending vibration occurs in the region of 580-340 cm −1 [30] . The band observed at 380 cm −1 in OAA and 440 cm −1 in AA are assigned to C-O bending mode. The present assignments agree very well with the values available in the literature.
Methyl Group Vibrations.
The title molecules OAA and AA under consideration possess one CH 3 group. For the assignments of CH 3 group one can expect that 9 fundamentals can be associated with each CH 3 group, namely, the symmetrical stretching (CH 3 symmetric stretch) and asymmetrical stretching (CH 3 asymmetric stretch), in-plane stretching modes (i.e., in-plane hydrogen stretching modes), and the symmetrical (CH 3 symmetric deform) and asymmetrical (CH 3 asymmetric deform) deformation modes; inplane rocking (CH 3 ipr), out-of-plane rocking (CH 3 opr), and twisting (tCH 3 ) bending modes. For the methyl group compounds, the asymmetric stretching mode appeared in the range 2965-3005 cm −1 , and the symmetric stretching mode appeared in the range of 2815-2860 cm −1 [30] . The FT-Raman band at 2983 cm −1 for OAA, and IR band at 2941 cm −1 for AA are symmetric stretching. The symmetric stretching vibrational frequency is higher in OAA and AA due to steric effect and +I effect. The asymmetric methyl stretching band appeared at 3003, 3018 cm −1 in OAA and 2990, 2956 cm −1 in AA, respectively. The asymmetric deformation mode appeared in the range 1445-1485 cm −1 and symmetric deformation mode appeared in the range of 1420-1460 cm −1 [30] . The IR band at 1466, and 1435 cm −1 in OAA and 1468, and 1461 cm −1 in AA are assigned as asymmetric deformation vibrations. The IR band at 1411 cm −1 for OAA and 1429 cm −1 for AA are symmetric deformation mode. The CH 3 deformation absorption occurs at 1466 cm −1 and 1429 cm −1 ; this vibration is known as umbrella mode that overlaps with CC ring stretching vibrations for the title compounds. These are also supported by the literature.
The tensional modes appeared in the range of 265-185 cm −1 [30] . This modes are strongly coupled with other vibrations that are observed at 280 cm −1 in OAA and 165 cm −1 in AA which are in agreement with the calculated results also.
Ring Vibrations.
The ring C-C stretching vibrations occur in the region of 1600-1400 cm −1 [29] . The bands appear at 1600, 1579, 1312, 1184, 1153, 1062, and 698 cm −1 in OAA and 1608, 1580, 1416, 1307, 1107, 1028, and 825 cm −1 in AA were assigned to C-C stretching vibrations. The shift in the frequency of C-C vibrations towards lower wave number may be due to the COOH and OCH 3 groups. Many ring modes are affected by the substitutions in the aromatic ring. The bands at 180 cm −1 and 285 cm −1 for OAA and AA were assigned to C-C bending vibrations. The out-of-plane and inplane deformations of the phenyl ring are observed below 1000 cm −1 , and these modes are sensitive by the addition of functional groups. The out-of-plane bending vibrations were observed at 170 cm −1 and 111 cm −1 for OAA and AA. Small changes in the wavenumbers were observed due to the presence of +I effect in AA and steric effect in OAA. The computed wavenumbers are in good agreement with experimental data.
Electronic Properties
Atomic charges on the various atoms of OAA and AA obtained by Mulliken population analysis [31] are given in Table 9 . From the listed atomic charge values, the oxygen [O8, O9] and O11 in OAA and O13 in AA atoms had a large negative charge and behaved as electron acceptor. It was also observed that there is a large accumulation of charge on O11 in OAA, O13 in AA molecules. Therefore, C7 and O11 in OAA and C7 and O13 in AA had a greater ionic character.
Natural bond orbital analysis provides an efficient method for studying steric effect and intermolecular bonding and interaction among bonds and also provides a convenient basis for investigating charge transfer or conjugative interaction in molecular systems. Natural charge analysis is given in Table 10 for the title compounds. The results show that substitution of COOH and CH 3 group in OAA and AA leads to a redistribution of electron density. The C7 atom in OAA and AA is more positive charge (+0.8091, +0.8139). In the title molecules, all the hydrogen atoms have a net positive charge, in particular, the hydrogen atoms H(10) that have charge of 0.5047 and 0.5050, respectively. The presence of large amounts of negative charge on oxygen and net positive charge on H(10) atoms may suggest the presence of intermolecular hydrogen bonding in the crystalline phase. Highest occupied molecular orbital and lowest unoccupied molecular orbital are very important parameters for quantum chemistry. This is also used by the frontier electron density for predicting the most reactive position in -electron systems and also explains several types of reaction in conjugated system [32] . The conjugated molecules are characterized by a small highest occupied molecular orbitallowest unoccupied molecular orbital (HOMO-LUMO) separation, which is the result of a significant degree of intermolecular charge transfer from the end-capping electrondonating groups to the efficient electron-acceptor groups through conjugated path [33] . Both the highest occupied molecular orbital and lowest unoccupied molecular orbital are the main orbitals that take part in chemical stability [34] . Energy difference between HOMO and LUMO orbital is called energy gap that is an important stability for structures which are given in Table 11 . We performed an analysis of all the molecular orbitals involved, taking into consideration that orbital 40 is the HOMO and orbital 41 is the LUMO for OAA and AA, respectively. Many organic molecules that contain conjugated electrons are characterized as hyperpolarisabilities and are analyzed by means of vibrational spectroscopy. The analysis of the wave function indicates that the electron absorption corresponds to the transition from the ground state to the first excited state and is mainly described by the one-electron excitation from the HOMO to the LUMO. The HOMO, of nature (i.e., aromatic ring), is delocalized over the whole C-C bond. By contrast, the LUMO is located over the aromatic ring. Consequently, the HOMO-LUMO transition implies an electron density transfer to COOH and OCH 3 group from the aromatic ring. The theoretical basis for the new quantities lies in the density functional formalism [35] . Since molecular orbital (MO) theory is by far the most widely used by chemists, it is important to place and in a MO framework. It has already been shown [36] that the MO theory of the chemical bond contains the values of and for the bonding fragments. Hard molecules have a large HOMO-LUMO gap, and soft molecules have a small HOMO-LUMO gap. A small HOMO-LUMO gap automatically means small excitation energies to the manifold of excited states. Therefore, soft molecules, with a small gap, will be more polarizable than hard molecules. High polarizability was the most characteristic property attributed to soft acids and bases. Energy gaps should be small for best bonding, or both molecules should be soft.
In the present study, the title compound AA is dynamically more stable due to the large energy gap. OAA is a soft molecule due to small energy gap. The Contour surfaces of the frontier molecular orbitals are sketched in Figures 6  and 7 .
NMR Spectra.
DFT methods treat the electronic energy as a function of the electron density of all electrons simultaneously and thus include electron correlation effect [37] . In this study, molecular structure of the OAA and AA was optimized by using B3LYP method in conjunction with 6-31G * * . 13 C and 1 H chemical shift calculations of the title compounds have been made by using GIAO method and same basis set. The isotropic shielding values were used to calculate the isotropic chemical shifts with respect to tetramethylsilane (TMS). The isotropic chemical shifts are frequently used as an aid in identification of reactive ionic species. The B3LYP method allows calculating the shielding 16 constants with the proper accuracy, and the GIAO method is one of the most common approaches for calculating nuclear magnetic shielding tensors. Theoretical and experimental chemical shifts of OAA and AA in 1 H and 13 C NMR spectra are gathered in Tables 12  and 13 . The range of the 13 C NMR chemical shifts for a typical organic molecules usually is >100 ppm [38, 39] and the accuracy ensures reliable interpretation of spectroscopic parameters. In the present study, the 13 C NMR chemical shifts in the ring are >100 ppm, as they would be expected. The 13 C chemical shifts carbonyl carbons vary from 150 to 220 ppm. This depends on the decrease in electron donating or shielding ability of the attached atoms [40] . The C=O groups of carboxylic acids and derivatives are in the range of 150-185 ppm [29] .
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Hydrogens bonded to an aromatic ring are strongly deshielded and absorb downfield. When the -electrons enter the magnetic field, they circulate around the ring to generate a ring current. This produces a small induced magnetic field that reinforces the applied field outside the ring, resulting in aromatic protons being deshielded [41] . A related effect is observed for carboxylic acids. For these compounds, circulation of electrons in the double bonds produces induced magnetic field. These are responsible for the high chemical shift values of acid protons (H10). Carboxylic acids as stable hydrogen-bonded dimers in nonpolar solvents even at high dilution. The carboxylic proton therefore absorbs in a characteristically narrow range, 13.2 to 10.0 and is affected only slightly by concentration [29] .
In a methyl group, a proton is covalently bonded to carbon, oxygen, or other atoms by a sigma bond. When placed in a strong magnetic field, the electrons of the sigma bond circulate to generate a small magnetic field which opposes the applied field. A nearby electronegative atom withdraws electron density from the neighbourhood of the proton, so that a smaller applied field is needed to cause the spin state of the proton to flip. The signal for a deshielded proton (1 surrounded by less electron density) is observed to be more downfield than the signals for protons that are not deshielded by electronegative atoms [40] . The chemical shift value of C7 (OAA and AA) has bigger value than the other carbons due to the electronegative property of oxygen atom. The linear correlations between calculated and experimental data of 13 C NMR and 1 H NMR spectra are determined as 0.9, and 1.0 for OAA and 0.9, and 0.9 for AA, respectively. There is an excellent linear relationship between experimental and computed results which are shown in Figures 8 and 9.
Thermodynamic Properties
Several calculated thermodynamical parameters are presented in Table 14 for OAA and AA, respectively. Scale factors have been recommended [42] for an accurate prediction in determining the zero-point vibration energies (ZPVE) and the entropy vib ( ). The total energies and the change in the total entropy at room temperature using B3LYP/6-31G * * method are presented.
Conclusion
Attempts have been made in the present work for the molecular parameters and frequency assignments for the compounds OAA and AA from the FTIR and FT-Raman spectra. The equilibrium geometries and harmonic and anharmonic frequencies for the title compounds were determined and analyzed at DFT level of theory utilizing 6-31G * * basis set. The assignments of most of the fundamentals of the title compounds provided in this work are quite comparable. The excellent agreement of the calculated and observed vibrational spectra reveals the advantages of a smaller basis set for quantum chemical calculations. HOMO and LUMO energy gap explains the eventual charge transfer interactions taking place within the molecule. The experimental and theoretical investigation of the title compounds have been performed successfully by using 1 H and 13 C NMR. The various modes of vibrations were unambiguously assigned on the basis of the result of the PED output obtained from normal coordinate analysis. These studies confirm the presence of COOH and OCH 3 group. Dimeric molecules are held together by hydrogen bridges between carbonyl groups. The obtained data and simulations both show the way to the characterization of the molecules and help in spectra studies in the future.
